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Abstract
The use of alcohol by adolescents is a growing problem and has become an important research topic
in the etiology of the alcohol use disorders. A key component of this research has been the
development of animal models of adolescent alcohol consumption and alcohol response. Due to their
extended period of adolescence, rhesus macaques are especially well-suited for modeling alcoholrelated phenotypes that contribute to the adolescent propensity for alcohol consumption. In this
review, we discuss studies from our laboratory that have investigated both the initial response to
acute alcohol administration and the consumption of alcohol in voluntary self-administration
paradigms in adolescent rhesus macaques. These studies confirm that adolescence is a time of
dynamic change both behaviorally and physiologically, and that alcohol response and alcohol
consumption are influenced by life history variables such as age, sex, and adverse early experience
in the form of peer-rearing. Furthermore, genetic variants that alter functioning of the serotonin,
endogenous opioid, and corticotropin releasing hormone systems are shown to influence both
physiological and behavioral outcomes, in some cases interacting with early experience to indicate
gene by environment interactions. These findings highlight several of the pathways involved in
alcohol response and consumption, namely reward, behavioral dyscontrol, and vulnerability to stress,
and demonstrate a role for these pathways during the early stages of alcohol exposure in adolescence.
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Introduction
Adolescence, the development stage between childhood and adulthood, is a time of dynamic
change both behaviorally and physiologically. The changes that take place in the adolescent
brain in particular are considerable, and these changes have been linked to the propensity to
engage in risk-taking behaviors, including experimenting with alcohol (Clark et al., 2008;
Spear, 2000b, 2002; Witt, 1994). This is reflected in the commonly cited statistics from the
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“Monitoring the Future” Study, which indicate that alcohol has been tried by 39% of current
8th graders, 62% of 10th graders, 72% of 12th graders, and 83% of college students. Even
more significant are the findings that 10% of 8th graders, 22% of 10th graders, 26% of 12th
graders, and 41% of college students surveyed in 2007 reported occasions of heavy drinking
(five or more consecutive drinks at least once in the prior two-weeks) (Johnston et al., 2008),
suggesting that not only are adolescents experimenting with alcohol, in some cases they are
abusing alcohol.
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As the impact of adolescent alcohol consumption in the etiology of the alcohol use disorders
has grown, so has the need to develop animal models that permit investigators to examine the
effects of alcohol exposure during adolescence (Witt, 1994). Fortunately, certain critical
neurobiological and behavioral changes that occur during adolescence translate across species,
including changes in key brain regions such as the prefrontal cortex and mesolimbic forebrain
structures, and novelty seeking, risk-taking, and peer interactions (Spear, 2000a). Most
importantly, adolescent rodents and nonhuman primates will voluntarily consume alcohol in
the laboratory (Flory et al., 2006; Grant and Bennett, 2003; Higley et al., 1996c; McKinzie et
al., 1999; McKinzie et al., 1998). Rodent models have been effective for examining alcohol
response during adolescence (pharmacokinetics, tolerance, motor impairment, etc.) (Silveri
and Spear, 1998, 1999, 2000; White et al., 2002), for characterizing adolescent patterns of
consumption (Brunell and Spear, 2005; Doremus et al., 2005; Vetter et al., 2007), and for
examining the adverse effects of alcohol on brain development (Crews et al., 2000; Crews et
al., 2006). However, rodent models are limited by several factors, including a short adolescent
time course and differences in key brain systems (Spear, 2000a), some of which are involved
in the neuroadaptive changes that drive the development of alcohol dependence (i.e., CRH)
(Sanchez et al., 1999). Nonhuman primates have an extended period of adolescence and are
similar to humans in neuroanatomy and neurobiology, as well behavior and social organization.
Furthermore, the genetic similarities between humans and nonhuman primates, especially Old
World species, make nonhuman primates a valuable model for genetic risk factors for alcohol
dependence. As a consequence of these shared characteristics between nonhuman primates and
humans, paradigms that use nonhuman primates to model aspects of human alcoholism provide
a high degree of face validity (Tabakoff and Hoffman, 2000).
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In this review, we discuss studies from our laboratory at the National Institutes of Health
Animal Center (NIHAC) that have investigated two important intermediate phenotypes in the
etiology of alcohol use disorders—the level of response to alcohol, and alcohol consumption
behavior—in rhesus macaques (Macaca mulatta). Our studies have primarily involved
adolescent subjects, with the goal of modeling early risk factors for excessive alcohol
consumption. Rhesus macaques are well suited to the study of adolescent alcohol response and
consumption due to the their extended period of adolescence (about 2 years, generally between
2 and 4 years of age) (Lewis, 1997; Watts and Gavan, 1982). Moreover, in addition to meeting
all the criteria outlined above for nonhuman primate models, rhesus macaques offer several
additional benefits: 1) their behavior has been extensively studied in both natural habitats and
in the laboratory, 2) a number of genetic polymorphisms that are functionally equivalent to
polymorphisms observed in humans have been identified, and 3) there is an established
paradigm for modeling early adversity, in which animals are reared without a mother under
standardized conditions in a nursery environment with access only to same-aged peers. This
paradigm, referred to as nursery- or peer-rearing, has been repeatedly demonstrated to be useful
for modeling gene x environment (GxE) interactions, which have become increasingly
important in the study of psychopathology and addiction (Rutter, 2007; Rutter et al., 2006).
Over the years, our laboratory has employed several different alcohol testing paradigms,
designed to access various traits and/or motivational factors that are known to moderate risk
for developing alcohol problems in humans. In the first paradigm, naïve animals were
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administered a binge dose of alcohol and then observed in their home environment. With this
paradigm, we investigated the behavioral and physiological consequences of acute alcohol
exposure while simultaneously examining individual differences in alcohol response. Subjects
were typically tested in this paradigm at about 3-4 years of age (roughly equivalent to 12-16
years of age in humans). At approximately 4-5 years of age (roughly equivalent to 16-20 years
of age in humans), these subjects were then tested in one of several paradigms used to measure
voluntary self-administration of alcohol under limited-access conditions. Similar to the acute
administration paradigm, we were specifically interested in individual differences in voluntary
alcohol consumption. For these studies, animals were tested under one of two conditions: 1)
individually, in single cages, or 2) in a social group. While these two drinking conditions were
initially developed in response to practical concerns, we believe that the different environments
in which the monkeys were tested characterize different motivational components of alcohol
consumption, as will be discussed in a later section. In all, our laboratory has tested numerous
cohorts of monkeys in both the acute administration and voluntary self-administration
paradigms, thus allowing for the investigation of factors contributing to individual differences
in alcohol response and consumption in adolescents.

Acute Alcohol Exposure in Adolescent Rhesus Macaques
The Model
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The acute alcohol exposure model was designed to investigate innate sensitivity to alcohol in
alcohol-naïve animals (Barr et al., 2003a; Barr et al., 2003b). In these studies, monkeys were
administered a fixed dose of alcohol intravenously, and then systematically observed for
behaviors indicative of alcohol response and alcohol-induced aggression. For each dosing
session, the subject was removed from its home cage and restrained on a flat surface while
ethanol (16.8%[v/v] USP) was infused into the saphenous vein at a constant rate over a 15
minute period. Males were administered a dose of 2.2 g/kg while females were administered
a dose of 2.0 g/kg, since males require a higher dose of ethanol to produce the same blood
ethanol concentration (BEC), due to differences in alcohol metabolism (Baraona et al., 2001;
Bennett and DePetrillo, 2004; Ely et al., 1999; Thomasson, 1995). Blood samples were
collected at 5 and 10 minutes following initiation of the infusion, and then the subject was
transferred back into their home cage for 30-minutes of behavioral testing. Following
behavioral testing, another blood sample was collected at 60 minutes post-infusion, followed
by the collection of a cerebrospinal fluid (CSF) sample under ketamine anesthesia. The blood
samples were collected in order to supplement the behavioral observations with measurements
of BEC, and plasma adrenocorticotropic hormone (ACTH) and cortisol. CSF samples were
collected to measure the monoamine metabolites 5–hydroxyindole-3-acetic acid (5-HIAA),
homovanillic acid (HVA), and 3–methoxy–4–hydroxy-phenylglycol (MHPG).
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In the original study design, each subject received two separate injections of ethanol in order
to collect repeated outcome measures for each individual, thus reducing the effect of random
measurement error (Martin and Kraemer, 1987). However, the administration of two equivalent
doses also provided the opportunity to investigate changes in response from one dose to the
next. Consequently, in addition to innate sensitivity, we were able to investigate both rapid
tolerance—tolerance that develops between just two doses of ethanol (Kalant, 1993; Khanna
et al., 1996)—and sensitization to the acute effects of ethanol (Schwandt et al., 2008).
Effects of Age, Sex, and Early Experience
Adolescence is a time of dynamic change. It follows, then, that in addition to comparing
alcohol-related phenotypes between adolescents and adults, it is also important to investigate
changes that occur across this important developmental stage. Moreover, adolescence is
characterized by the emergence of sex differences in many aspects of behavior, including
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alcohol consumption patterns (Higley, 2003; Lancaster et al., 1996; Lorenz et al., 2006; White
et al., 1993), suggesting that sex differences in the effects of ethanol on the brain and body also
develop during this time. In our laboratory, the monkeys that were tested for acute alcohol
response, while typically in the early stages of adolescence, did vary somewhat in the actual
age at which they were tested. We used this opportunity to investigate age-related differences
in response to alcohol, as well as potential differences in the pattern of change across
adolescence in males and females. Utilizing factors analysis, we first identified three factors
that summarized the behavioral response to acute alcohol: ataxia, stimulation, and disinhibition
(Barr et al., 2007; Schwandt et al., 2007; Schwandt et al., 2008). When we analyzed these
factors in relation to age at testing, we found that in both males and females there was an agerelated decline in behavioral signs of ataxia (e.g., stumbles, falls, and sways) across the age
range of 28 to 48 months, a period essentially coinciding with rhesus macaque adolescence
(Schwandt et al., 2007). This finding conflicted with previous research using rodents showing
an age-related increase in alcohol-induced effects on motor behavior from early to late
adolescence (Hollstedt et al., 1980; Lagerspetz, 1972), and suggests that the development of
sensitivity to the motor-impairing effects of alcohol differs between nonhuman primates and
rodents. Among females, we also observed an age-related increase in locomotor stimulation
following alcohol administration, suggesting an increase in sensitivity to the reinforcing effects
of alcohol (Schwandt et al., 2007). This finding, although limited to females, was consistent
with previous studies showing a similar increase in sensitivity to the reinforcing effects of
alcohol in rodents (Philpot et al., 2003). It also suggested that underlying mechanisms involved
in the response to alcohol may develop differently in males and females, since we did not
observe the same effect in both sexes.
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When we examined the change in response from the first dose to the second dose of acutely
administered alcohol, we found that ataxic behavior decreased from dose one to dose two,
while locomotor stimulation increased between doses. This occurred in the absence of any
difference in blood ethanol concentrations obtained after each dose. Furthermore, the
magnitude of change in response in both behavioral domains was not associated with the
amount of time between doses, which ranged from 5 to 30 days (Schwandt et al., 2008). This
suggested that, not only do adolescent rhesus macaques develop rapid tolerance to the motor
impairing effects of alcohol while at the same time developing locomotor sensitization, but
that the effects of a single dose of ethanol in naïve subjects on these behavioral responses are
not transient, but rather, persist for some time. Similar evidence has been found in rodent
studies, where locomotor sensitization has been shown to last as long as 30 to 60 days (Fish et
al., 2002; Lessov and Phillips, 1998) and rapid tolerance has been shown to persist as long as
10 days (Gatto et al., 1987). Both rapid tolerance and sensitization have been linked to persistent
changes in neural pathways related to alcohol response, and our results for adolescent
nonhuman primates add to the already existing evidence that such changes can occur even in
response to a single binge dose of alcohol.
Acutely, ethanol acts as a physiological stressor to increase corticotropin releasing hormone
(CRH) and vasopressin (AVP) release from the PVN, resulting in activation of the
hypothalamic-pituitary-adrenal (HPA) axis (Laszlo et al., 2001; Ogilvie et al., 1998; Schuckit
et al., 1987). Studies in both humans and animal models have shown that early adverse
experience and sex influence HPA-axis function, both under baseline conditions and in
response to stress (Heim and Nemeroff, 2001; Kudielka and Kirschbaum, 2005; Rhodes and
Rubin, 1999). Consequently, we investigated the effects of early experience and sex on the
HPA-axis response to acute alcohol administration in the rhesus macaques. As noted
previously, peer-rearing is an established model of early adversity that has been linked to a
number of behavioral and physiological aberrations both during development and later in life,
including altered HPA axis function (Clarke, 1993; Fahlke et al., 2000; Higley et al., 1996c;
Shannon et al., 1998; Shannon et al., 2005; Suomi, 1997). In the context of alcohol-induced
Alcohol. Author manuscript; available in PMC 2010 June 1.
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HPA-axis activity, we found that female rhesus macaques that are peer-reared exhibit higher
levels of ACTH compared to females reared by their mothers under normal conditions and
males of either rearing condition (Barr et al., 2004a). The fact that we observed these
differences in adolescent, alcohol-naïve subjects, suggests that both sex and early experience
are factors that should be considered when studying HPA-axis dysregulation. These findings
are particularly relevant, in that individual differences in HPA-axis function may actually
predict ethanol sensitivity and drinking behavior (Morrow et al., 2006). Furthermore,
dysregulation of the HPA-axis has been associated with both alcohol abuse and with a family
history of alcohol dependence (Clarke et al., 2008; Dai et al., 2007; Schuckit et al., 1987;
Sorocco et al., 2006; Zimmermann et al., 2004).
Neurobiological and Genetic Effects
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Innate sensitivity to alcohol, in addition to being influenced by the life history variables
discussed above, is undoubtedly under the influence of neurobiological and genetic factors as
well. Of the systems thought to be involved in level of response to alcohol, the serotonin system
is perhaps the most well-studied. Serotonin dysfunction has been associated with a low level
of response to alcohol, impaired impulse control, and early-onset, Type II alcoholism (Heinz
et al., 2001; Heinz et al., 2003; Linnoila et al., 1994; Virkkunen and Linnoila, 1997). Moreover,
studies of human alcoholics have identified candidate genes involved in serotonergic
neurotransmission that are associated with a low level of response to alcohol and alcohol
tolerance (Hinckers et al., 2006; Schuckit et al., 1999; Turker et al., 1998). In rhesus macaques,
associations between serotonin dysfunction, as reflected by low CSF concentrations of 5HIAA, and related phenotypes, such as impulsivity and escalated aggression, have also been
observed (Higley et al., 1996a; Higley et al., 1996b; Mehlman et al., 1994), as they have in
humans. Using the acute alcohol administration paradigm, we investigated the relationship
between serotonin dysfunction, the level of response to alcohol, and alcohol-related aggression
(Barr et al., 2003a). While a direct correlation between CSF concentrations of 5-HIAA and
level of response to alcohol was not reported, decreased sensitivity to alcohol, alcohol-induced
increases in CSF MHPG, and baseline CSF levels of 5–HIAA were associated independently
with aggression during intoxication. Furthermore, aggression during intoxication –proposed
to be a marker of enhanced alcohol-induced stimulation- was found to be positively correlated
with voluntary alcohol consumption measured two months later, via the voluntary selfadministration paradigm discussed below. These relationships among low level of response to
alcohol, CSF monoamine function, and alcohol-induced aggression in rhesus macaques known
to have had no prior exposure to alcohol provide important evidence that alcohol-induced
stimulation and neurotransmitter-linked predisposition to impulsive aggression independently
contribute to aggression during intoxication (Barr et al., 2003a).
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Subsequent investigation of individual differences in alcohol response revealed a relationship
between genetic variation affecting serotonergic neurotransmission and the level of response.
In humans, a common polymorphism in the promoter region of the serotonin transporter gene
(5-HTTLPR) alters in vitro gene transcription (Lesch et al., 1996), in vitro transporter activity
(Stoltenberg et al., 2002), and in vivo serotonin transporter density (Heinz et al., 2001). In the
rhesus macaque, a similar variant (rH5-HTTLPR) has been identified in the same
transcriptional control region (Lesch et al., 1997), resulting in allelic variation that alters
serotonin transporter gene expression and CNS functioning (Bennett et al., 2002; Heinz et al.,
2000; Little et al., 1998). The evidence linking 5-HTTLPR variation with level of response to
alcohol in humans has been mixed, with some studies suggesting an association between the
long (l) allele and a low level of response to alcohol (Hinckers et al., 2006; Schuckit et al.,
1999) and another suggesting that the short (s) allele is associated with a low level of response
(Turker et al., 1998). In our population of adolescent rhesus macaques, we found not only that
individuals homozygous for the long (l) allele exhibited decreased sensitivity to the intoxicating
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effects of alcohol, but that early experience played a moderating role—the effect of genotype
was only seen among peer-reared monkeys (Barr et al., 2003b). This gene by environment
(GxE) interaction, one of several involving the serotonin transporter that we have observed to
influence phenotypic outcomes in the rhesus macaque, highlights the importance of
considering early adverse experience on genetic effects when studying phenotypes implicated
in the etiology of alcohol use disorders. It also suggests a possible explanation for the
inconsistencies in findings concerning the relationships among serotonin transporter genotype,
alcohol sensitivity, and alcohol intake in human studies, namely, the lack of control over
variables such as prior exposure to alcohol and early-life experiences that typically exist in
studies of human subjects.
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Another system that plays an important role in the alcohol response is the endogenous opioid
system. The endogenous opioids are a family of neuropeptides that are involved in a number
of physiological processes, including nociception, appetite, stress, and the experience of reward
(Akil et al., 1998; Howlett and Rees, 1986). More importantly, endogenous opioids have been
linked to addiction vulnerability, including alcohol dependence (Gianoulakis, 2004; Koob,
2009; Oswald and Wand, 2004). In humans, a variant in the μ-opioid receptor gene
(OPRM1) has been identified in the N-terminal arm of the receptor, which is bound by βendorphin. This single nucleotide polymorphism (SNP) in the gene (A118G) results in an
amino acid substitution and has been demonstrated to have functional consequences (Bond et
al., 1998). Of note, the A118G allele has been associated with increased subjective euphoria
and stimulation following intravenous alcohol administration (Ray and Hutchison, 2004). It is
suggested that the increased alcohol-induced positive reinforcement that is mediated by the
OPRM1 A118G allele could be a heritable factor that increases susceptibility to both initiation
and maintenance of alcohol seeking behavior (Ray and Hutchison, 2004; van den Wildenberg
et al., 2007). In rhesus macaques there is a nonsynonymous SNP in the OPRM1 gene
(OPRM1 C77G), which also results in an amino acid substitution in the N-terminal arm of the
μ-opioid receptor (Miller et al., 2004). The existence of this polymorphism in rhesus macaques
presents a unique opportunity to model the effects of OPRM1 gene variation on alcohol-related
phenotypes. Along those lines, we investigated the effects of the OPRM1 C77G allele on the
response to acute alcohol administration in the rhesus macaques. The results indicated that
males carrying the G allele displayed increased alcohol-induced stimulation (Barr et al.,
2007). These results were consistent with the increased feeling of euphoria following
intravenous alcohol administration observed in humans carrying the A118G allele (Ray and
Hutchison, 2004). The fact that the effect was more pronounced among males may relate to
the fact that, at high blood ethanol concentrations, alcohol's sedative effects may predominate
over stimulation, especially among females. These findings are also in agreement with the
observation that men generally exhibit more alcohol-induced stimulation and that alcoholdependent human subjects who are carriers of the OPRM1 A118G allele are more responsive
to μ-opioid receptor blockade (Anton et al., 2008; Garbutt et al., 2005; Kim et al., 2009; Oslin
et al., 2003).
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Voluntary Self-Administration of Alcohol in Adolescent Rhesus Macaques
The Model
The limited access self-administration paradigm was developed in order to assess individual
differences in alcohol consumption in subjects first exposed to alcohol during adolescence. In
this paradigm, consumption of the alcohol solution was completely voluntary and did not
involve any special manipulations or inducements, nor was the alcohol available on a 24-hour,
continuous access schedule. On average, testing under a limited access schedule (1 h/day)
results in lower volumes of intake (average consumption rates are about 1.24 g/kg/h in the
single cage condition and approximately 0.3 g/kg/h in the social group condition) compared
to some other models of nonhuman primate alcohol consumption, such as schedule-induced
Alcohol. Author manuscript; available in PMC 2010 June 1.
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polydipsia (Grant and Johanson, 1988; Grant et al., 2008; Vivian et al., 2001). Unlike these
other models, which are useful for assessing consequences of chronic, heavy alcohol
consumption in nonhuman primates, our model of adolescent alcohol consumption is focused
on investigating the factors contributing to individual differences in early alcohol intake and
preference. By studying these factors, we hope to gain a better understanding of potential risk
factors that may lead to the development of excessive alcohol consumption, a necessary
condition for the development of dependence. One important advantage of the limited-access
paradigm has been the ability to test relatively large numbers of monkeys both at the same time
(e.g., testing in social groups), and systematically across a number of cohorts. As a result, we
have generated a large database of subjects, which has proved quite valuable in evaluating
individual differences in alcohol intake levels and patterns.
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The limited-access self-administration paradigm began with an initial oral ethanol exposure
training phase to ensure that all animals experienced the pharmacological effects of ethanol
before beginning the experimental phase. During the training phase, animals were first given
access to an aspartame-sweetened vehicle until they freely consumed the vehicle. Ethanol was
then added to the vehicle to produce an 8.4% ethanol water-aspartame solution, and the subjects
were given free access to the solution for one hour a day until each of the animals fulfilled a
pre-established criterion of consuming more than 0.67 g of ethanol per kg of body weight on
two or more occasions (subjects typically met this criterion and established stable consumption
patterns within two weeks). A 0.67 g/kg dose of alcohol has been shown to produce BACs that
are on average 0.10% (Higley et al., 1991), or above the legal limit of intoxication in most
states. Once all animals met the criterion for entering the experimental phase, both the
sweetened vehicle and the sweetened 8.4% ethanol solution were available in addition to
normal drinking water, for one hour a day, five days a week, between 1:00 PM and 2:00 PM,
while the animals were in their home cage environment. No special methods, such as
deprivation of food or water, were used to induce drinking of the vehicle or the ethanol solution
(Higley et al., 1991; Higley et al., 1996c).
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Under this paradigm, two drinking conditions have been employed: 1) individual testing in
single cages, and 2) testing in a social group setting. Single cage subjects were pair-housed in
quad-cages but then separated into individual quadrants for the training and experimental
phases, where they had visual and auditory contact with other monkeys but no physical contact.
These subjects had access to two drinking spouts, one that dispensed vehicle and one that
dispensed the ethanol solution. The presentations of alcohol solution and vehicle were regularly
switched from one side to the other to control for preference for one of the spouts. For animals
tested in the social group, there were Plexiglas-enclosed “drinking stations” equipped with two
drinking spouts, similar to those employed in the single cage condition (i.e., one dispensing
the ethanol solution and one dispensing the vehicle) (Flory et al., 2006). Several drinking
stations were available to each social group. Subjects were fitted with collars implanted with
an identifier chip in order to assess individual levels of consumption. In order to drink from
the dispensers, a subject would climb up and place its head in the chamber so that the identifier
chip could be read and the alcohol/vehicle dispenser activated. As with the single cage testing
condition, the presentations of ethanol solution and vehicle were regularly switched from one
side to the other. In addition to activating the drinking station, the chip allowed direct recording
by computer of the volume of each solution consumed by a subject. These two paradigms were
designed largely based on practical considerations. Single cage testing was easier to execute
and, therefore, was the first testing paradigm that was employed by the lab. As the technology
for subject identification was developed, social group testing was instigated so that the
macaques could remain in their social groups, which meant that more animals could be tested
at a time and that continuous access paradigms could potentially be used without having to
resort to single-cage housing of the animals. Social group testing was conducted in sex-limited
social groups, however, in order to prevent any pregnancies among female subjects during the
Alcohol. Author manuscript; available in PMC 2010 June 1.
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course of the alcohol testing. It is important to note that these sex-limited social groups were
not formed solely for the alcohol consumption testing. Rhesus macaques at the NIHAC
ultimately are part of a controlled breeding program, and as such the males and females from
a common birth cohort are separated into sex-limited social groups at about 2-3 years of age.
Thus, subjects have been housed in the sex-limited social groups for about least 1 year prior
to undergoing the alcohol consumption testing.
One limiting aspect of these paradigms is the lack of opportunity to continually monitor BEC
values. The collection of regular blood samples from these monkeys, especially those tested
in social groups, is problematic because the monkeys must be anesthetized (granted, you can
train some singly caged animals to present their legs for blood samples, but this is extremely
time consuming and in any event cannot be done for socially-housed animals). Anesthetizing
monkeys on a daily basis disrupts their normal behavior and very likely would have an effect
on alcohol intake levels. Consequently, blood samples for analysis of BEC were only collected
on the final day of testing. In the social setting, BECs from this sample collection ranged from
0 to 163 mg/dL; in the single cage setting, BECs ranged from 6 to 222 mg/dL.
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Although the two different testing conditions (single cage vs. social group setting) we employed
arose primarily due to practical considerations, we have come to view the two conditions as
accessing different motivational components of alcohol consumption. Monkeys who were
given access to alcohol in single cages were tested in manner comparable to the two-bottle
choice paradigms commonly used in rodents, and were able to freely consume alcohol without
interference from other animals. Indeed, subjects tested in single cages on average consume
about four times as much alcohol as those tested in the social group setting. Monkeys tested
in the social group, on the other hand, are subject to competition for the alcohol dispensers as
well as social pressures that likely influence how much they will drink (Barr et al., 2007). For
example, just the act of drinking theoretically puts an animal at risk for injury from other group
members. In order to acquire ethanol or vehicle in the social group setting, animals must climb
up and place their heads into Plexiglas chambers, during which time they have their backs
turned toward other group members and have restricted opportunity for egress if surprised or
cornered. Among those that consume alcohol in this testing paradigm, two patterns of behavior
are typically observed: 1) animals will remain at a station and continually interrupt their
drinking to pull their heads out of the chamber and visually scan the run, or 2) they will exhibit
frequent cycles of rapidly approaching, drinking, and leaving the stations. We believe these
patterns of behavior relate to the fact that animals perceive themselves to be vulnerable to
unexpected aggressive encounters while drinking at the stations. The behaviors exhibited
suggest that the monkeys could be anxious, but it is important to note that this anxiety appears
to be a consequence of the act of drinking, and not the other way around. In other words, the
anxiety is not driving the drinking of the alcohol, but rather is a factor in reducing the amount
of alcohol consumption that would otherwise occur in the absence of threat of injury from other
group members.
In addition to the potential risks in utilizing the drinking stations, monkeys that become
intoxicated and impaired in the social context are less able to defend themselves and thus may
also be vulnerable to injury during aggressive encounters. Taken together, these potential
negative consequences of alcohol consumption in the social group setting suggests to us that
this paradigm may be a model for accessing not only reward-based drinking, but high-risk
drinking behavior. In humans, one of the defining elements of high-risk drinking is that it is
associated with negative consequences and harms (e.g., alcohol-related injuries, driving under
the influence, academic and career consequences (Schaus et al., 2009). Some humans, despite
the risk of these negative consequences, will continue to consume alcohol under such
conditions while others will not. Obviously, the specific negative consequences that
characterize human high-risk drinking cannot be modeled in animals; however, we can study
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alcohol consumption under conditions in which other, more species-typical negative
consequences of that consumption are a factor. In this respect, the social group testing paradigm
offers the opportunity to investigate individual differences in high risk drinking behavior.
Effects of Age, Sex, and Early Experience

NIH-PA Author Manuscript

An early age of onset of alcohol use has been shown to be an important factor for developing
alcohol dependence later in life (DeWit et al., 2000; Grant, 1998; Grant et al., 2001). Just how
much this factor contributes to subsequent alcohol-related problems is difficult to determine,
however, due to the multitude of environmental factors that influence not only age of onset of
alcohol use, but later consumption patterns and the development of dependence. In this context,
animal models of adolescent alcohol consumption are particularly useful because such
environmental factors can be minimized or experimentally controlled. Attempts to model
whether exposure to alcohol in adolescence leads to increased alcohol intake in adulthood have
met with inconsistent results in rodent studies (Hayashi and Tadokoro, 1985; Ho et al., 1989;
Rodd-Henricks et al., 2002; Tolliver and Samson, 1991). In the rhesus macaques, we have
found that early adolescent subjects will consume more alcohol than individuals given their
first access to alcohol in late adolescence (Barr et al., 2004d). Recently, we conducted a small,
systematic study of the effects of early exposure to alcohol on subsequent alcohol consumption
later in life. Using the single cage paradigm described above, we tested half of the monkeys
from the same birth cohort (n = 30) during early adolescence (∼2.5 years of age, roughly
equivalent to 10-12 years of age in humans). When the entire birth cohort was tested is the
social group setting during late adolescence/early adulthood (4-5 years of age), there were no
differences in the amount of alcohol consumed by subjects who received early exposure and
those who did not (Figure 1). This suggests that early exposure by itself may not necessarily
lead to elevated alcohol consumption later in life, and that other factors are certainly involved.
These findings are in agreement with those that demonstrate the association between an early
age of onset of alcohol use and alcohol dependence in humans is noncausal and in fact reflects
shared genetic and environmental factors (Prescott and Kendler, 1999).
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Sex differences in alcohol consumption and in the risk for alcoholism have long been noted in
humans. Cross-culturally, men tend to consume alcohol more frequently and in greater amounts
than women (Wilsnack et al., 2000). Moreover, men tend to be more at risk for developing
Type II alcoholism, which is early in onset, involves impaired impulse control, and is thought
to have a large genetic component (Cloninger, 1987). The sex differences in alcohol
consumption that are observed in humans are likely based to some extent on differences
between males and females in the pharmacokinetics of alcohol (Baraona et al., 2001;
Thomasson, 1995); however, the influence of culturally-based gender roles is certainly also a
factor. Once again, animal models offer a means to investigate sex differences in alcohol
consumption under experimentally controlled conditions. In this context, however, rodent
models have proven problematic in that among many rat strains, females consume more ethanol
(g/kg) than males, in clear contrast to what is observed in humans (Juarez and Barrios de
Tomasi, 1999; Li and Lumeng, 1984; Piano et al., 2005). Among nonhuman primates, the
pattern appears to be more similar to humans, with males typically consuming more alcohol
than females (Grant and Bennett, 2003; Vivian et al., 2001), although exceptions have been
noted (e.g., vervet monkeys) (Ervin et al., 1990). In our population of rhesus macaques, the
finding of sex differences in consumption has varied depending on the subset of subjects tested
and the conditions under which they were studied. Early studies of the initial 2-3 cohorts found
no significant differences in consumption between males and females, under either standard
testing conditions or when alcohol was presented during a social separation challenge (Higley
et al., 1991; Higley et al., 1996c). When further data collection using the self-administration
model was completed, allowing for larger samples of subjects to be analyzed, males in general
were found to consume more alcohol than females (Fahlke et al., 2000). However, as more
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subjects have been added to the overall dataset, we have noted that this sex difference in
consumption is more pronounced among monkeys tested in the single cage condition versus
those tested in social groups When the two conditions are considered separately, males drink
more than females in the single cage condition while there is no difference between the sexes
in the social group condition (Barr et al., 2007; Schwandt et al., 2008). This is interesting in
light of the fact that the social group testing condition may model high-risk drinking, in which
case our findings suggest that even though rhesus macaques tested in the social group condition
tend to drink less alcohol overall, males and females seem to be equal risk-takers in this context.
However, among rhesus macaques adolescent males are more likely to be aggressive towards
one another than are adolescent females (Bernstein and Ehardt, 1985; Higley, 2003), so it may
be that females tested in social groups are actually at less risk for attack and thus will consume
alcohol at the same level as males.
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As mentioned above, early studies of rhesus macaques in our laboratory did not find significant
sex differences in alcohol consumption during the voluntary self-administration paradigm.
These studies were noteworthy for a different reason, though, namely the finding of significant
early rearing effects on alcohol consumption. Adverse early experience, such as abuse or loss
of a parent, has been shown to increase risk for anxiety and depression in humans (Heim and
Nemeroff, 2001; Sanchez et al., 2001), conditions which are known risk factors for alcoholism.
Moreover, there is evidence linking parental loss early in life directly to excessive alcohol
consumption in adulthood (Hope et al., 1998; Kendler et al., 1996). The early macaque studies
by Higley et al. were landmark in that they demonstrated similar effects among nonhuman
primates reared without parental input, i.e., peer-reared monkeys consumed significantly more
alcohol that mother-reared monkeys (Higley et al., 1991; Higley et al., 1996c). Subsequent
studies have replicated this finding in larger samples of subjects (Barr et al., 2004b; Fahlke et
al., 2000; Lorenz et al., 2006). More recent studies, though, have indicated that this effect may
in fact be moderated by testing condition, similar to what was seen for differences in
consumption between males and females. More specifically, among monkeys tested in single
cages there is an effect of rearing condition such that peer-reared monkeys drink more alcohol
than mother-reared monkeys (Higley et al., 1991; Higley et al., 1996c); however, this effect is
absent among monkeys tested in social groups (Barr et al., 2007). Thus, when unfettered access
to alcohol is present, peer-reared monkeys will drink substantially more than mother-reared
monkeys, but when access to alcohol is given in a social context, there are no differences in
intake between the two rearing groups. Interestingly, both groups consume less alcohol in the
social group condition, but the decrease is much more marked among peer-reared subjects
(Figure 2). It's possible that peer-reared monkeys are more sensitive to the social forces that
may inhibit alcohol consumption when tested with other members of the group. As with the
sex differences discussed above, it may be that the potential risk involved in consuming alcohol
in the social group overrides other mediating factors
Neurobiological and Genetic Effects
Alcohol consumption is a complex behavior that is regulated by a number of neurobiological
systems. These systems play into the different processes that are involved in alcohol seeking
and self-administration, such as consummatory behavior and reinforcement. Dysregulations
of these systems are believed to be important factors in the development of alcohol dependence
and, as with alcohol consumption, there are several pathways that influence addiction
vulnerability. Included in these pathways are reward, behavioral dyscontrol, and vulnerability
to stress and anxiety (Barr and Goldman, 2006; Goldman et al., 2005). Several of the genetic
variants that have been identified in the rhesus macaque are either orthologous or functionally
equivalent to candidate genes that influence these risk factors for alcohol dependence in
humans, including the 5-HTTLPR and OPRM1 polymorphisms already discussed. Using the
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voluntary self-administration paradigm, we have been able to investigate the effects of these
genetic variants on individual differences in adolescent alcohol consumption.
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Reward—As discussed previously, the endogenous opioids mediate natural rewards as well
as alcohol-induced positive reinforcement. Evidence further suggests that the endogenous
opioids regulate alcohol consumption behavior and craving. In rodents, μ-opioid knock-out
mice do not self-administer alcohol (Roberts et al., 2000), and blockade of μ-opioid receptors
decreases ethanol drinking in both non-selected rats and rats selectively bred for high alcohol
consumption (Coonfield et al., 2004; Krishnan-Sarin et al., 1998; Parkes and Sinclair, 2000;
Stromberg et al., 2002; Stromberg et al., 1998). Human males carrying the OPRM1 118G allele
exhibit higher levels of alcohol craving (van den Wildenberg et al., 2007). These findings,
along with the aforementioned effects of OPRM1 variation on alcohol-induced stimulation in
the rhesus macaques, led us to investigate whether this variation might also influence alcohol
consumption and preference in monkeys. The 77G allele did, in fact, predict higher levels of
alcohol consumption, and this effect was particularly pronounced among males (Barr et al.,
2007). Males carrying the 77G allele also consumed doses of alcohol sufficient to produce
intoxication (at least 0.67 g/kg of body weight per hour) more frequently, and exhibited
increased preference for the alcohol solution over the sweetened vehicle, compared to all other
groups. Interestingly, these findings were based on alcohol consumption in the social setting,
in which intake levels are relatively low, and in the overall sample there are no sex differences
in consumption. Male carriers of the 77G allele consumed twice as much alcohol in this setting
compared to all other groups, and consumed alcohol to intoxication nearly 4 times as often.
These findings suggest the possibility of a more prominent role of μ-opioid transmission in
susceptibility for alcohol use and potential dependence in males. It could be that in a subset of
men, in particular those with an early onset of alcohol problems and a positive family history,
alcohol intake is more likely to be driven by the positively reinforcing effects of alcohol (reward
craving), while in late-onset men and a majority of women, alcohol intake may be more often
affected by negative reinforcement of alcohol (relief craving) (Barr et al., 2007; Heilig and
Koob, 2007).
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Several recent studies have suggested that alcohol-dependent humans who carry the 118G
allele may be more responsive to treatment with μ-opioid receptor antagnoists (Anton et al.,
2008; Garbutt et al., 2005; Kim et al., 2009; Oslin et al., 2003). Although we did not have
alcohol-dependent monkeys in our colony, we were able to test whether or not OPRM1
genotype would mediate the effects of μ-opioid receptor blockade on alcohol preference in the
rhesus macaques. When treated with naltrexone, 77G carriers significantly decreased their
preference while 77C homozygous subjects were unaffected and, in fact, showed a trend-level
increase of preference following naltrexone (Barr et al., in press). Furthermore, these findings
applied to subjects tested in both the single cage and the social group conditions, suggesting a
role for the positive reinforcing effects of alcohol in both contexts that is susceptible to μ-opioid
receptor blockade in some individuals. Our results lend additional support to the notion that
OPRM1 genotype is important in alcohol-related phenotypes and that naltrexone treatment for
alcohol dependence may only be effective in certain individuals matched to the treatment
through genotype.
Behavioral Dyscontrol—The ability to inhibit the pursuit of immediate reward is a valuable
trait, especially during adolescent development. Behavioral dyscontrol, or impairments in
behavioral control, increase risk for the development of substance use disorders (including
alcoholism) and other externalizing disorders such as attention-deficit/hyperactivity disorder,
conduct disorder, and antisocial personality disorder (ASPD) (Wills et al., 2006; Young et al.,
2009). One gene at which functional variation has been implicated in several of these disorders
is the monoamine oxidase A (MAOA) gene, which is located on the X chromosome and as a
result may have differential effects in males and females. A variable number of tandem repeats
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(VNTR) in the transcriptional control region for MAOA (MAOA-LPR) results in altered
transcriptional activity (Sabol et al., 1998) that in turn influences synaptic levels of serotonin.
In human males, the low activity variant of MAOA-LPR has been associated with early
antisocial traits in individuals with a history of early childhood maltreatment (Caspi et al.,
2002) and with antisocial behavior in alcohol dependent individuals (Samochowiec et al.,
1999). Recently, an association between low activity variants of MAOA-LPR and alcoholism
and ASPD in women with a history of abuse was also reported (Ducci et al., 2008). A length
polymorphism in the orthologous region of the MAOA gene of rhesus macaques has been
identified, and low activity alleles in rhesus macaques have been shown to predict aggressive
behavior and impulsivity in males (Newman et al., 2005; Wendland et al., 2006). Among
adolescent male macaques, variation in the MAOA length polymorphism also accounts for
approximately 10% of the variance in consumption (Barr et al., 2004d). These results from
rhesus macaques, coupled with the findings in humans for antisocial behavior suggest that
variation in the MAOA-LPR may increase risk specifically for Type II alcoholism (Barr and
Goldman, 2006).
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Behavioral dyscontrol may also be involved in how individuals respond to novelty and socially
threatening situations. Individuals who readily seek out and investigate novel stimuli are
considered “exploratory” or “bold”, while those more likely to show fear or withdrawal when
confronted with new objects or unfamiliar conspecifics are described as more “inhibited” or
“shy” (Korte et al., 2005). The CRH system, which is critical to behavioral and endocrine
adaptation to stress, is a key neurobiological system involved in this variation in coping style.
Interestingly, individuals on both ends of the spectrum (impulsive/bold versus anxious/
inhibited temperaments) are more likely to regularly consume alcohol (Barr and Goldman,
2006; Goldman et al., 2005), suggesting that those who have either significantly high or
significantly low levels of CRH system function could be at increased risk for developing
alcohol problems. It has been well demonstrated that the CRH system becomes dysregulated
in alcohol dependent rodent and human subjects (Adinoff et al., 1996; Adinoff et al., 1990;
Funk and Koob, 2007; Funk et al., 2006; Funk et al., 2007; Hansson et al., 2007; Heilig and
Koob, 2007; Sillaber et al., 2002; Sommer et al., 2008). However, whether there are effects of
genetic variation at the CRH locus on the risk for developing alcohol use disorders in humans
is unknown. We screened the rhesus macaque CRH gene and identified a functional variant
(−2232C>G) in the CRH regulatory region that disrupts a glucocorticoid response element
(Barr et al., 2008). G allele carriers, in addition to exhibiting lower levels of CSF CRH and
higher plasma levels of ACTH, were found to be more exploratory/bold in both infancy and
adolescence, suggesting that differences in temperament related to CRH gene variation appear
early in development. Moreover, adolescents with the G allele consumed more alcohol in the
social group condition, which we have argued is a model for high-risk alcohol consumption.
These findings demonstrate that genetic variation in the CRH locus influences alcohol
consumption behavior and suggest that functionally similar human CRH haplotypes may
increase risk for developing externalizing disorders in human subjects (Barr et al., 2008).
Stress Vulnerability—5-HTTLPR genotype has been linked to a wide variety of behavioral
phenotypes, most notably anxiety (Mazzanti et al., 1998; Serretti et al., 2006). Several lines of
evidence link differences in serotonin transporter activity to stress-related physiology and
anxiety in animal models as well. In mice, targeted disruption of the serotonin transporter gene
results in increased ACTH and corticosterone responses to immobilization stress as well as
increased anxiety-related behavior (Holmes et al., 2003; Kalueff et al., 2007; Lanfumey et al.,
2000; Li et al., 1999). In rhesus macaques, individuals who are more stress reactive have lower
gene expression levels for the serotonin transporter (Bethea et al., 2005), and we have shown
that s allele carriers show increased ACTH responses to a social stressor (Barr et al., 2004c).
Interestingly, in both of these studies the effects were more marked among female monkeys.
When we tested for effects of rh5-HTTLPR variation on voluntary alcohol consumption in the
Alcohol. Author manuscript; available in PMC 2010 June 1.

Schwandt et al.

Page 13

NIH-PA Author Manuscript

rhesus macaques, we found that female s allele carriers exhibited higher levels of alcohol
preference and, among peer-reared individuals, the s allele carriers progressively increased
their levels of consumption across the 6-week course of the study (Barr et al., 2004b). These
parallel associations between altered serotonin transporter activity and both anxiety-related
phenotypes and alcohol consumption during adolescence suggests that females may be more
prone to consume alcohol, at least initially, for its anxiolytic effects. The progressive increase
in alcohol consumption observed in adolescent PR females carrying the s allele may reflect
sensitization to the negative reinforcing effects of alcohol, and as such suggests that in human
populations, women with variation in the serotonin transporter gene promoter who are also
exposed to early-life stress may be particularly vulnerable to developing alcohol dependence.

Conclusions
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Rhesus macaques, like humans, exhibit complex behaviors that are influenced by life history
factors as well as genetic makeup. Due to their extended period of adolescence, rhesus
macaques are especially well-suited for modeling alcohol-related phenotypes that either
contribute to or are a reflection of the adolescent propensity for alcohol consumption and the
path to dependence. Our studies have shown that individual variation in both the initial response
to acute alcohol and in voluntary self-administration of alcohol among adolescent rhesus
macaques is influenced by age, sex, early experience, and genetic variation, and in some cases,
the effects of these variables interact with one another. We aim to extend these findings through
ongoing research involving an extended 22-hour exposure self-administration model that uses
intermittent access to mimic the repeated cycles of intoxication and withdrawal believed to
induce dependence. Future studies will investigate how genetic variation influences alcoholinduced neuroadaptation and pharmacological treatment response in the rhesus macaque and
should further promote the translational value of nonhuman primate models in the study of
human alcoholism.
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Figure 1.

Lack of an effect of early exposure to alcohol on later alcohol consumption. Subjects (n = 53)
were tested in the social group condition for 1 hour a day, five days a week, for 4 weeks when
they were 4-5 years of age. A subset of subjects (n = 30) had been similarly tested in the single
cage condition when they were about 2.5 years of age. Analysis was performed using repeated
measures ANOVA, with testing week as the within subjects variable and sex and early exposure
(yes/no) as the between subjects variables. Precise age at the time of testing in the social group
was also included as a covariate. Data are presented as mean (± SEM) alcohol consumption
for each testing week. There was no main effect of sex F(1,48) = 3.91; P = 0.06 and no main
effect of early exposure F(1,48) = 0.72; P = 0.40, nor any interactive effects of early exposure
with sex F(1,48) = 0.04; P = 0.84 or with week of testing F(3, 144) = 0.11; P = 0.95.
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Figure 2.

Rearing condition influences alcohol intake in the single cage but not the social group setting.
Data on 211 monkeys from the limited-access, voluntary self-administration paradigm were
analyzed using 2-way ANOVA, with rearing history, sex, and testing condition as independent
variables and mean alcohol consumption (g/kg) across testing weeks as the dependent variable.
Data are presented as means ± SEM. There was a main effect of rearing history F(1,202) =
23.47; P = 0.00003, a main effect of testing condition F(1,202) = 158.85; P = 0.00000, and an
interaction between rearing history and testing condition F(1,202) = 14.66; P = 0.0002. Posthoc tests revealed significant differences between peer-reared and mother-reared subjects in
the single cage condition, as well as differences between the single cage and social setting
conditions within each rearing group (Neuman-Keuls tests, all p < 0.05).
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